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Molecular Dynamics and Ionic Associations of LiAs F,

in 4-Butyrolactone Mixtures with 2-Methyl Tetrahydrofuran

Yoshifumi Harada,1 Mark Salomon' and

Scrgio Ptrucci

Polytechnic Institute of New York

Route 110

Farmingdale, New York 11735

U. S. Army ET & DL

Power Sources Division

Ft. Monmouth, New Jersey 07703-5302

ABSTRACT

Solutions of LIAsF 6 at 298.2 K were studied by audlofrequency

conductance In the concentrations range 10 4-10 - 2 mol dm- 3 , and

by radlofrequency ultrasonic absorption In the concentration range

0.05 - 0.5 mol dm -3 .The solvents employed were mixtures of 4-

butyrolactone with 2-methyl tetrahydrofuran varying In composi-

tions from mole fractions XBL = 0.10 to XB. = 0.75. In dilute

solutions the audlofrequency conductivity data yield Ion associa-

tion constants which appear to represent both contact and

solvent-separated ion pairs for mixtures up to XBL = 0.36. At

higher LIAsF 6 concentrations and In solvent mixtures of composi-

tion XBL = 0.75, and XBL = 0.35, the ultrasonic spectrum shows

Polytechnic instute of New York, Farmingdale, New York.

2 U. 3. Army ET & DL. FL Monmouth, New Jersey.
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a single relaxation process which again Is attributed to the forma-

tion or both contact and solvent separated ion pairs. For XB3 ,

0.10, the ultrasonic spectrum Is the sum or two Debye relaxation

processes Identified with the equilibria

2LIAsF 8 ± LiAsF6...LiAsF6 (LIAsF 6 )2.
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Introduction

Over the past five years LIAsF6 has emerged as the preferred electrolyte

for use In rechargeable lithium batteries [1]. A major reason for this selection

Is that LIAsF, solutions generally show much higher electrolytic conductivities

than corresponding solutions of other lithium salts such as LICIO 4 or LIBF 4 . In

addition to a smaller tendency to form Ion pairs (2-6), LIAsF 6 also has a

smaller tendency to form dimers (i.e., quadrupoles) than do LiCIO 4 and LIBF 4

(2,3). The use of ether based solvents Is also of practical Interest since lithium

anodes appears to cycle well In these solvents [1]. The use of binary mixtures

of an ether with a high dielectric constant solvent such as 4-butyrolactone (4-

BL) and propylene carbonate (PC) has still greater practical applications since It

has been shown [4,6,7 and references cited therein] that electrolytic conduc-

tances are generally greater in specific mixtures than they are in any of the pure

solvents. The present study Is concerned with the properties of LIAsF6 in

binary mixtures of 4-BL with 2-methyl tetrahydrofuran (2MeTHF). The sys-

tems were studied by classical audlofrequency conductance measurements at

low concentrations and by more recent relaxation kinetic methods which have

the advantage of being able to Isolate (in the frequency spectrum) one or more

multistep processes [8]. Parallel studies of LiAsF6 in pure 2MeTHF and pure

4-BL have been reported earlier 13,5].

Ekperirnental

Cheial LiAsF6 (USS Agri-Chemicals "Electrochemical Grade-) was dried at

60- 70C under vacuum for 24h. 2MeTHF was distilled from benzophenone at

reduced pressure (3) or was distilled from type 4A molecular sieves under an

atmosphere of pure argon. 4-BL (Aldrich "Gold Label" product) was distilled

from 4A and 5A molecular sieves at reduced pressure as described In (5,6]. All

solvent mixtures were prepared by weight.

V. arz ,4 -- V
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-Solvent Propertles The static dielectric constants of the solvent mixtures were

measured at 25±0.1 "C by the comparison method [4-0], and a precision of

0.5% or better was attained. Densities were measured at 25.0±0.1 "C with a

PAAR DMA 45 digital density meter. Viscosities were measured at

25.00±0.02 "C with a Lauda precision viscometer with a precision of ±0.1%,

The physical properties of these solvents are given in Table 1. The data in

Table 1 are fitted by least squares to the following smoothing equations

-€ c(D) 6.137 + 26.222XBL + 7.6952X2L + 1.6930X3L, (1)

tl(cP) = 0.4653 + 0.56OlXBL - 0.04594XA, + 0.7387X3L, (2)

d(gcm- 3 ) - 0.8475 + 0.2 2 0 9XBL + 0.06028XBL - 0.005223X3L, (3)

Note that the solvent compositions are mass % in Table 1, and the smoothing

'7e equations (1-3) are based upon'mole fraction of 4-BL.

Audlofreatiencv Measurements Electrolyte solutions were prepared by weight

in a dry box and conversions to volume concentration units were calculated

from measured densities. Aliquots of a given stock solution were placed in

three 10 ml flasks which were then used for the conductivity rins using succes-

sive weight dilutions. Three Jones type conductivity cells were used In combi-

nation with an Altex RC-18 conductivity bridge. Electrolytic conductance were

measured at 25.00"C (accuracy ± 0.02K ) is described in 14-8].

Ultrasonic Relaxation The equipment and procedures have been described

elsewhere 13]. A new resonator ultrasonic cell with 1 Inch diameter quartz cry-

stals was used as It allowed measurements over a broader frequency range

(0.5-10 MHz), and a better signal to noise ratio than the cell used previously

[3]. After thermostating It at 25.00"C (precision -I-0.01K), for 2 hours, fre-

quency drifts In the resonating frequencies stopped. Solutions were kept In



desiccators, used within 24 hours of preparation, and were exposed to the

atmosphere during filling the resonator cell for 20-30 seconds at most.

Results and Discussion

The molar conductivities, A(Scm2 mol- 1), were calculated from the experi-

mental electrolytic conductances after correcting for the solvent conductance,

and the data are given in Table 2. The data In Table 2 were analyzed by means

of the Fuoss-Hsla equation (9) using the method proposed by Justice [101 and

the constants derived by Fernandez-Prinl [11],

A -- A' - S(ac) 1/ 2 + Eac 2nac + J1(RI)ac - J(R 2)(ac)3 /2 - Aacy2K,1(4)

where all terms have their usual significance. The thermodynamic Ion associa-

tion constant and mean molar activity coefficient are defined in the usual

manner:

Ka°°  (1-)/ cyl , 5

and

.Qny± =-(ac) 11/[ + BRy(ae) 1/2] (1

The distance parameters R, and R. in Eqs. (4) and (6) were set equal to the

Bjerrum distance q as suggested by Justice [10], and Eqs. (4-0) solved by a

least squares method similar to that described by Kay [12]. Values of q

(expressed in A ) are given in Table 3. Table 3 also gives the results of fitting

the parameters A OO ,Ka, and R 2 to Eqs. (4-0). aT A in this table Is the standard

error of estimate for the molar conductivities. Based on the aA values, the

uncertainties in A are around 0.2% (95% level of confidence).

For electrostatic interactions, Koo can be calculated from the Bjerrum equa-

tion

' ) ;':: '??? : ? , ;-t' :r ?f . .?.;? -;.-¢:,z,,.. .,;. "f" ' ', :;5 "



KO - -f R expLze/kTRldR , (7)Alle. 000

where the Integration is carried out from the distance of closest approach, a, to

the Bjerrum distance, q. For a contact ion pair, the distance of closest approach

can be simply set equal to the sum of the Ionic radii. For LIAsF8 a= r+ + r-

-4.444 and in which case the calculated KOO° values for the mixed solvents are

all much larger than the experimental IX°° values given In Table 3. Calculated

KOO° values can be reduced by considering solvent-separated ion pairs, and in

which case a = r+ + r_ + d where d is the diameter of the solvent molecule

-1.. (4-7). However, taking d - 3.7Ak (the approximate solvent diameter of

2MeTHF) results In calculated Kc much smaller than the experimental values.

The experimental K ° values in the mixed solvents can be reproduced from Eq.

(7) by taking d 1.6 In fact, K O values for LiAsF6 in dimethoxyethane mix-

tures with PC or 4-BL can also be reproduced within experimental error by talc-

Ing d~1.61 (6). This low value of 1.6,k suggests that both contact and

solvent-separated ion pairs exist in these mixed solvents as proposed earlier [6].

Additional evidence for the simultaneous existence of both types of ion pairs

comes from our relaxation studies discussed below.

Turning to the relaxation studies, Fig. 1 shows a representative plot of ca/f 2

as a function of frequency f for LlAsF8 In a XBL = 0.75 mixture at 257C. The

. solid line is the calculated Debye functions for a single relaxation process:

a/f2 A +
v+(r/fr/)+(

where a is the absorption coeMctent of sound in Npcm- r the relaxation fre-

quency, and A and B are fitting parameters (8,13). The data and parameters

for LIAsF in the XBL 0.75 mixture are given in Table 4. The relaxation

.- S-
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*"parameter A In Table 4 is quite small and for 0.1mol din- LiAsF6 in pure 4-

BL the relaxation effect Is not detectable. This Is consistent with the conduc-

tivity results (5) which show that LiAsF6 is completely Ionized in 4-BL at 25C.

The observed single relaxation process is interpreted In terms of ion association

Li+ + AsF6 k LIAsF6 ,()
I:-..',kr

for which one can write the rate expression (8)

" =ktO +kr (10)

In Eq. (10) r -1 Is the Inverse of the relaxation time (7- = 27rfr), and 0 is a

function defined by

e = 2-ycy (11

Values of 0 were estimated from Eqs. (11) and (12) taking

Ko = 39.Smol-dm3 (obtained by interpolations from the conductivity data,

Table 3). In the Davies equation (14) R. was again set equal to the Bjerrum

distance q (for XBL at 25*C, q 0 .081k).

1 1+R YI1/2 +~.(2

Fitting r-I and 0 to Eq. (10) by the method of least squares gives

kf = (1.79 ± 0.40) xl0°mol- and kr = (2.85 ± 0.26)xlO8 s- 1 with a

correlation coefficient r 2 = 0.87. These rate constants give an Ion association

constant of Koo = kf/kr = 6.3 4-2.3 mol- dm3 which differs from that of

39.8mor 'dm 3 obtained from the conductivity data. Differences of this magni-

tude are typical when comparing Ka° values from conductivity data and rate

't't:p .,.-



data, and are probably due In part to the larger experimental errors in the rate

data and the use of Eq. (12) for calculating activity coefficients In highly con-

centrated solutions.

The rate constant for a diffusion controlled ionic encounter can be calcu-

lated from the Debye-Smoluchowsky equation (15)

k=8RT bkD - RT b , (13)
3000'Q 1- e- (

where b is the Bjerrum parameter Iz+z _ je2/qckT. For XBL - 0.75 the quanti-

ties (30.85D) and i7(1.178cP) were obtained from Eqs. (1-2), and thus
kD -- 1.29xlOI mol-dm 3 s-1 which Is an order of magnitude greater than the

experimental value of .7910mol- Idms - I for kf. This result leads us to con-

clude that for LIAsF6 In XBL=0.7 5 the association process takes place with a

energy barrier larger than viscous flow. Elimination of solvent from the first

coordination of the ions is the likely source of the above differences In the ki's.

We then propose the Elgen mechanism [8] for the association process:

LI+ + AsF -+S Li+'S#AsF LIAsF 6 + S , (14)

k-0  k- I

A where LIS'AsF. is the solvent-separated (intermediate) ion pair.

Considering LIMsF, in mixtures where XBL = 0.35, Fig. 2 shows a

representative plot of the excess sound absorption per wavelength

=(a-Bf2 )u/f = aex0 X against the frequency f. Here ) = u/f is the

wavelength and B is the value of alr2 for f>>fr (cr. Eq. (8)). The solid line

In Fig. 2 is the Debye function for a single relaxation process-

2 max +(ffr) 2  (15)+(/f)
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where jPmx = Aufr/2. Table 5 gives Pmax,fr,B, and the sound velocity u for

LiAsF 6 solutions in XBL = 0.35 mixtures at 251C. From Table 5 it is seen that

within experimental error, fr Is independent of the LIAsF 6 concentration, and

that Pmax is a linear function of concentration. From the conductivity data, Ka

Interpolated from a plot of log K,00 vs. 1/f is 457mor-dm3 , which means that

the concentration of free ions In the solutions of composition XBL.= 0.35 is

small. Under these conditions the scheme presented in (14) above probably

reduces to

LI'S'AsF8  = LLAsF 6 +S , (18)
k-.

I.e., to a pseudo first order process, the solvent S being in large excess. For

this pseudo first order process, the rate equation Is therefore (8)

.- __k, +i k-- (4.3 4-0.2) xl16s7-

The value of /max is also given by (2)

r (AV3 ) 2  K1

Pmax = 7r RT (l2Kc, c , (17)

where K" = Ko(1+K) = 457mol-1 dm3 Ko and K, are the equilibrium con-

stants for the, two steps given in Eq. (14) and the adiabatic compressibility

t = (dou 2 ) - 1 - 62.x 10- 12g- 1cm S2. At the present time K1 is not known

and AVU cannot therefore be calculated.

Considering LIAsF. solutions at 251C in XBL = 0.10, a representative plot

of p as a function of f is shown In Fig. 3. The data In this figure cannot be

fitted satisfactorily in terms of a single Debye relaxation. The solid line in Fig.

3 was obtained by fitting the data to two Debye functions given by the relation
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I..l!/ fr/11  -
p = 2pma.L 1 - 2 max.l +(f/f) 2 18)1: +(f/lr) 2 ++fl r)

Table 8 gives the parameters Pmax 9f, pmaxll ,fJ1 , the background absorption

B, and the velocity u as a function of LIAsF6 concentration. The inset in Fig. 3

shows the tall of the a/f 2 vs. f corresponding plot, with the solid line calculated

from the parameters of Table 8, indicating that the choice of B is rather une-

quivocal and subject to an error not larger than ±0.5 to ± 1.0x10- 7em- ls:

i.e., the second relaxation is required to accurately describe the processes in

XBL = 0.10 solutions. From the plot of log If vs. 1/ based on the data in

Table 3, for XBL = 0.10 we find that K,0°x = 2xlO4mol - ldm 3 which means that

Ion association is virtually complete, and that no ultrasonic relaxation can arise

from dissociation to free ions. Outer-sphere inner-sphere processes are first

order (or pseudo first order as described above for LiAsF6 in XBL = 0.35 mix-

tures) which, for LiAsF6 in XBL = 0.10 mixtures, cannot explain the concentra-

tion dependencies of the relaxation frequencies f, and f11. In order to explain

these concentration dependencies we propose (see also (3)) that the two Debye

processes are associated with the dimerization of ion pairs to form quadrupoles

according to:

k2  kc32LIAsF6  + LiAsFs ,SLiAsF. (-- (19)

k-2  k- 3

where the dimerization (or quadrupole formation) constant is given by:

Kq = 12 (1+K 3 ) (20)

In (19) we propose a solvent separated intermediate quadrupole,
4..

% LiAsF6 ... S...LAsF 6 , on the basis of the two observed Debye relaxations.

LIAsF. solutions in pure 2MeTHF (3) show only a single Debye process, and
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at this time we cannot determine which solvent component S represents in.-Eq.

(19). AccordIng to the scheme In Eq. (19), one would expect the two relaxa-

tion times to be described by the relation (3)

-7 iS ± (S'-4P)'/21/2 (21)

where

S - j" +. r-1' = 4k 2 [AB] + k_2 + k3 + k. (22)

and

P = 71-  1  --- 4k2[AB](k 3 + k-3) + k- 2k- 3  (23)

When the dimerization constant K. Is small, then the ion pair concentration

(AB] can be safely approximated by the stolchlometric concentration

c/mol dm- 3 . Linear regression of S vs. c gives a determination coefficient

r2 = 0.985, a slope = 1 .2 9 x 1 0
g , and an Intercept - 8.15x10 s . Linear regres-

sion of P vs. c gives r2 = 0.972, slope - 4.88x10 ¢7, and Intercept =

1.gio1I . Similar to the treatments for LIBF 4 In pure 2MeTHF (3), the

above slopes and Intercepts are used to calculate the following rate constants

and equilibrium constants:

k2 = 3.2xlO mol-ldms-l; k- 2 = 4.4x10%S- 1

=2 = k2/k 2 = 0.73 mol- dm3

k3 = 1.lx10 8s'; k- 3 = 2.7x108 s

Ka= 0.41

Kq = 1<2(1+1C) = 1.0 mol- Idm3

This value of Kq In the XB = 0.10 mixture Is consistent with the value of

dblQ
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1.8 mol- 'dm 3 for LIAsF 6 In pure 2MeTHF (3).

Conclusions

The combination or two completely different methods or Investigation,

albeit in different concentration ranges, has shown a consistent description of

the status of the electrolyte, as being practically all ionized (up to c -O.1M) in

4- BL, and practically all associated with a small percentage of dimerization, in

2MeTHF. The addition or 4 BL to 2MeTHF causes solvation of the dimers and

increases the ionization or the electrolyte. Perhaps, the potentially chelating

ability of 4 BL causes preferential solvation of Li+, a point that would be desir-

able to check experimentally by tools others than the ones used in the present

study.

It is clear from the above investigation, that no method has the capability

of giving a complete picture of a given system. Rather, the information gath-

ered by several parallel investigations by different technologies will give enough

complementary data as to offer an adequate insight for a molecular description

of the system.

Acknowledgement

The authors wish to express their thanks to the Army Research Office,

Research Triangle Park, NC, for their support through Grant No.

DAAG/20/85/K0048.

161



-14-

References

1. K. M. Abraham and S. B. Brummer, "Lithium Batteries," ed. J.P. Gabano,

Academic Press, NY, 1983, Ch. 14.

2. M. Farber, D. E. Irish, S. Petrucci, J. Phys. Chem., 1983, 87, 3515.

3. M. Delsignore, H. E. Masser, S. Petrucci, J. Phys. Chem., 1984, 88, 2405.

4. M. Salomon and E. J. Plichter, Electrochim. Acta, 1983, 28, 1081.

5. M. Salomon and E. J. Plichter, Electrochim. Acta., 1984, 29, 731.

6. M. Salomon and E. J. Plichter, Electrochim. Acta., 1984, 29, 000.

7. J. Barthel, R. Wachter, H. J. Gores, "Modern Aspects of Electrochemis-

try," ed. B. E. Conway and J. O'M Bockrls, Plenum Press, NY, 1979, Ch.

-= 1.

8. M. Elgen, L. DeMaeyer, "Techniques of Organic Chemistry," J. Wiley,

-. FNY, 1963, Vol. VIII, Part 2.

9. R. M. Fuoss and K. L. Hsla, Proc. Nat. Acad. Sel. USA, 1967, 57, 1550.

10. (a) J.C. Justice, J. Chim. Phys, 1968, 65, 353.

(b) Electrochim. Acta., 1071, 16, 701.

11. R. Fernandez= Prlni, "Physical Chemistry of Organic Solvent Systems,"

eds. A. Y. Covington and T. Dickinson, Plenum Press, London, 1973, Ch.

5.1.

12. R. L. Kay, J. Am. Chem. Soc., 1900, 82, 2009.

13. S. Petrucci, In Ionic Interactions, Academic Press, NY, 1971, Vol. II, Ch. 2.

14. C. W. Davies, Ionic Association, Butterworths, London, 1962.

15. P. Debye, Trans. Electrochem. Soc., 1942, 82, 265: M. von Smoluchowsky,

Z. Phys. Chem. (Leipzig), 1917, 92, 129.



List of Figures -.

Fig. 1 Representative plot of the quantity (a/f 2 ) vs. frequency f, for

LIAsF 6 In the solvent mixture 2MeTHF-4-BL of composition

X 4B. = 0.75 at t = 25"C.

Fig. 2 Representative plot of the quantity i vs. f for LiAsF6 in the sol-

vent mixture 2MeTHF-4BL of composition X4BL = 0.35 at

t = 25"C.

-, Fig. 3 Representative plot of the quantity p vs. f for LiAsF6 in the sol-

* ,vent mixture 2MeTHF-4BL of composition X 4BL  0.10 at 25C.
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Molecular Relaxation Dynamics and Ionic Association

of LIBF4 in 1,2-Dimethoxyrnethane

by

M. Delsignore, H. Farber, S. Petrucci

Depts. of Chemistry and Electrical Engineering

Polytechnic Institute of New York

oLbng Island Center

Farmingdale, NY 11735

Abstract

Electrical conductance data for LIBF4 In 1,2-Dimethoxymethane (DMM)

IR at 25 0 C reveal the electrolyte to be heavily associated to ion-pairs and triple

* Ions. A theoretical expression for the triple Ion association constant similar to

the BJerrum one for Ion-pairs and to the Masser-Bjerrum theory of dimers has

been developed and applied to the present conductance data. Ultrasonic relaxa-

tion absorption data at much higher concentrations than the conductance data

reveal association to dimers.- This Is also evident from the microwave dielectric

data showing no electrolyte dielectric effect on the solvent and apparent lack of

presence of dipoles. The ultrasonic data can be rationalized by a two-step

dimerization mechanism.

-. •I

.p. i ,
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Introduction

A previous conductance study of the Ionic association of LIBF 4 in 2-

Methyltetrahydrofuran' and in 1,2-Dimethoxyethane 2 of respective static per-

mittivities e= 0.2 and c= 7.0 has been reported. In the same works,1 '2 the

diffusional rotational relaxation dynamics of ion pairs was studied by dielectric

relaxation. In addition, ultrasonic relaxation revealed some dimerizatlon of the

ion-pairs and a kinetic investigation of this additional process was reported.

It was of interest to extend the above studies in a medium of lower per-

mittivity as Dimethoxymethane (DMM) of c= 2.76 at 250 C, where presumably,

the electrolyte exists completely as ion-pairs at all finite concentrations, but

where the extent of triple Ion formation and quadruple formation is sizable and

may become preponderant at high concentrations (C>0.1, 0.2M). On the prac-

tical side, LIBF4 dissolved in ethers is a system relevant to secondary batteries

construction. It was of Interest to report a quantitative study In a solvent of

very low permittivity as DMM (E= 2.76 at 250C) which may constitute an

extreme limit for an electrolyte solution. In the process, we have derived a

new Bjerrum-like expression for the association to triple Ions as reported below.

This expression and the corresponding one for dimer formation, already

presented, may give some theoretical guidelines to the extent of association up

to the quadrupoles, but below the larger aggregates which may precede the

eventual separation of the electrolyte from the liquid phase. For the sake of

clarity, after the experimental part the conductance and theoretical aspects lead-

ing to the triple ion formation constant will be dealt with first, followed by the

relaxation dynamics study by ultrasonic and microwave dielectric relaxation

which involves itself with dimer formation.
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Ex 1rL en nal panl

The equipment for the conductance3 and microwave dieletric relaxation 4

has already been described. For the ultrasonic work the pulse Instrumentation

has been automated, In data capturing, by mounting over the dual crystals

Interferometric cell a Mltutoyo Series 164 digital micrometer (resolution

.. 0.00005 Inch) and associated Interfaced digital counter and printer, giving a

hardcopy of the displacements for attenuation Increments (expressed In deci-

bels) of the standard comparison signal.

For the chemicals, the solvent DMM (Aldrich) was refluxed over sodium

and benzophenone until a bluish coloration Indicating absence of peroxides was

*present. It was then distilled In the same all pyrex apparatus and used shortly

afterwards. LIBF4 (Aldrich) was dried In in vacuo at ---80oC overnight.

Results an Discussion

a) Electrical Conductance

Figure 1A reports the electrical conductance data In the form of log1 oA, vs.

-l Co at t-25.00C for LIBF 4 in DMM. Several runs with independently

prepared stock solutions and solvent were used in order to insure reproducibil-

ity of the results. Figure 1B reports the same data for C<0.lM elaborated In

accord to the Fuoss-Kraus triple Ions theory.s

.'.-.A o  ATKT
A0  0 4 TA

A (1--)C (I)

where g(c) Is a term lumping together all the interionic terms, KA and KT are

the ion-pairs and triple Ions formation constants, A o and AT the limiting con-

ductivities of the single ions and triple ions respectively. In the above, the arbi-

trary condition A T = L-Ao has been retained as done previously.1 2 Further,
3

for the calculations of A o , the Walden rule has been used with the following

I "
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data from the literature:

- in THF at 250 C (viscosity q=0.0040 poise) e )o=30.61 - 1cmeq-', 7 hence

- in nitrobenzene (t)=0.01823 poise)' )0°=22.1f1'1 cm'eq-'; s1 hence

)4$ =0.403.

It results that in DMM (Y)=0.00315 poise)9 ) 0 =53.3fl-cm2eq-1 and

X, = 127.On-1cm2eq-', or, A =181fl-Scm2eq- and AO=r-- A 0 -121

r) -'cm2eq - s in DMM at 250 C.

From Figure 1B, the solid line calculated by linear regressions gives

r2=0.98, Intercept- = 7.20x10- 7 and slope= o 3.98x10 4 , from

J. which KA=.sxIO8M- I and KT=826M- '

By equating KA to the Fuoss-Jagodzinski expression

KFj- 4 7rL ds e- /2 e bKJ= ' e-~ e(II)
3000

It results in a charge to charge separation in the pair d = 5.1xlO-Scm. Similarly

by equating KT to the Fuosa-JagodzinskI' 0 triple ion theoretical expression

KYJ = w La e-3/2 ee /2 kT (HI)
1000

it results in ion to ion-pair separation a=15.gx1l-Scm, a value that seems too

high to be reconciled with the triple ions model and definition envisaging the

three Ions at contact, whereas, the value a-1.Sd=7.7x1o-cm would appear to

be a more reasonable parameter. Therefore, we have decided to re-examine

* the triple Ion theory for KT without the constriction that the complexing Ion be

In contact with the pair to be defined as a triple ion. We shall follow the guide-

lines of the Bjerrum theory for comparison and the one for the dimers

(Maaser-Bjerrum theory) already presented.2 In the past, dealing with the three

"
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ion Interactions Fuoss and Kraus" have indeed derived a triple Ion expression

based on the Bjerrum model. Their derivation lead to a integral which, to date,

Is difficult to solve, short of resolving to a graphical integration. We thought it

worthwhile to try to arrive at a more manageable solution of the problem by a

simplified derivation based on the interaction between an ion and a permanent

dipole of moment p.

b) Ion-dipolk inleraction

We will start by defining r_ as the distance between a given positive ion

and the negative end of a dipole ion-pair. Let r be the distance between the

same ion and the center of the dipole and r+ the distance between the Ion and
-. .\

the positive end of the dipole ion pair. 0 Is the angle between r_ and the line

passing through the dipole axis, and A is the separation of the two charges in

the dipole. We have then (Fig..2A) r_ - r+=dcos8', and the ion-dipole poten-

tial will be

e r+ - r-. edcosG'= "e"r_ r+ Cf r+r_ r

In the above, c is the static permittivity of the solvent and the approximation

r+rPt.r2 . If concomitantly one writes 9' 9 where 0 is the angle between r and

the line passing through the dipole, one has

pcos (TV)

er 2

where p ed Is the dipole moment of the dipole separated by a distance r>d

from the positive ion. The Ion-dipole potential energy will then be

epeoseu = (v)
er2

The probability of finding an ion around a dipole taken as the reference of a

coordinate system, will be a function of the concentration of the ions

b *o.

• **- *~* ~ . . .,.~ , .~A ~. . .Y '-.% . -.
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(Nco/1000)e -UAT surrounding the dipole;* of the volume shell element

4w r2dr; and of the solid angle ratio dw/47r, expressing the point-to-point spatial

orlentational probability between the ion and the central dipole (Fig. 2B). In

polar coordinates r, 9 and ipb, we will have

dw rsIn~dtrd6 sin~d~dO&

741 4r 2  41r

and

N c rPCOSr singdOdO
dP(r90 P) = e a2kT (4rrdr)

1000 1 4 1w
The above expression can be Integrated for tP=0 to 27r obtaining the probability

that the Ion Is contained In a solid annulus

dP(r,) = j Ic e es/aNT ) (47rr
2 dr) I slg )

2w e
dP(r,0) -7rNco r2dr (eepos/trkT) sin~dO (VI)

1000
Call cos#=y, dy=-slnfd0. Then, given

dP(r) = 2w Nea r2 dr f ( eePwcosO/eAT sin d

1000 o

we shall have:
3

dP(r) 2 0rNca rdr f e(ler/k")Ydy

The Integral
I I

fe(,Peler~kT)Ydy f efI/rM ep Y

- " .(pe/cr'kT) er rkT)ydt rkT )

ep/A e- pe/cAT 2slnhjpe/c~JkTj

* (pe/crAkT) (pe/cr2kT)

Then

dP(r) = 27rNea r2 dr [ eP-/(NT-e-Pe/T (VII)
1000 k (ep /c r2/kT)

In order to integrate with respect to r one has to set a finite upper limit to r.

M0 IA ti* degree of dlssodaduo of IMe ekeIro1

do
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The above function, for a given finite thickness Ar shows a minimum with r,

* defined by

a I AP(r) _ 4irNco I1 8 4Ih liefl0
TrAr -100 pue /e kT r [ ler2 kT)1

* wvhich, operating the derivative leads to

I cr 2 kT I .I er2kTJ er3lcT

4? tanh( 1Ae 2, e !r 3 = 0
I er 2kT Jcr 2kT

Call Y=(pe/erAT). Then 2tanhY-Y=0

-ah - 0.5 (VIII)

which Is satisfied for Y=1.Q15%:~2. The probability function will have a

minimum for Y'--,2 which means physically that the probability will go through

a minimum for a squared distance r2=q2 that corresponds to an aligned (0=0)

Ion-dipole configuration of energy equal to 2kT or,

For an electrolyte as LiBF4 of u=16x1G01 8 esu cm. In the solvent 1,2-

Dimethoxyethane (e=7.0 at 250C) q=11.56x10'18 cm, whereas In DMM

* (c=2.70 at 250 C), by retaining the same p, It results In q=18.4x10-8 cm. Fol-

lowing Bjerrum, we shall Integrate dP(r) for r between a and q - a being the

minimum distance accessible to an Ion to approach a dipole.

P(r) T-1Nc r2 (e -/
1000 (eu/cr'kT)

* and given

er'kT ekT J tkTJ

r'dr= -ckT
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for r = q Y=2. and
also forr afo =ep =b >

ea;2kT
Then

2 13/2
p(y) = 4r Nca f Pe 1 slnhY

1000 b ekT 2 Y
2w Nca b I Pe )3/2 stnhY

P(Y) = 1000 f e ) !! dY (X

and by multiplying and dividing bya 3

, p~y) =27" Nco ae b3/2 b slnhY,

P(Y) = 2:ic~a 2 dY1000 s 2

The Integral can be solved by expanding In series the convergent function

snhY Y + y +
31 5!

b b

Q fsinhYdy f ys2 .yi2 -y/+L 72d
2 y7/2 2Y 31 51 7

_ _ -Y32 Yl/ 2  YS/3 y9/2 b

1 (3 /2) +3!(1/2) + i1(.S/2) +77!(/2)
Iy(/(5/2))

Q=~ for all odd n's.
(n-(5/2))n! 12

Therefore

P(Y) -- Nca a3 b = 27rNca a (XI)00100Ia. odd (n 2 !IYMO1000100 I d ,)
The function Q is a converging function by Increasing n. By limiting n to

n= 15 one obtains

Q 3 b12 b5/2
0-1, 1.5 0.5x3! 2.5x5! 4.5x7! 7x9!

+ 85b11/2 + +1/b2+ / - 0.2558
8.5xll 10.5x13! 12.5x1

and we shall identify the ratio P(Y)/co as the triple Ion formation constant Kr

associated to either of the two processes.
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-. 9o

AB + R-- ABi

AB+ A+-- 'A2B

taken to occur to the same extent (symmetrical approxlmauon)

07T Oo KT = ;, ---. _( 1- - 3a T) cac co

namely, a degree of triple Ion formation aT per unit concentration of free ions.

Then:

'-'27r NOa3 /2

.KT= 2 b3/Q K0 b3/Q . (XII)
1000

Table I reports the calculated values of KT as a function of a for LIBF 4 in DME

(= 1,2 Dimethoxyethane) of permittivity c= 7.0 for which

p=15.8x10-18 esu cm. 2 It was found' that Kt(exp)=50 M - I from conductance

experiments. Judging from the above figure It would result a-.5.7xl0 -cm, a

very reasonable figure when compared with the charge separation of the dipole

d=p/e=(15.8x10- '/4.8x10 lO')=3.3x10-cm and the axiom"

aT=1.5d=4.9x10-Scm. The last model envisages the triple Ion as composed of

three identical spheres in an aligned configuration (corresponding to a

V iminimum in the potential energy). Very reliable data for KT as a function of

the permittivity exist In the literature for the system I-Am4N.NO3 in H2O

dioxane at 25 0C.

Table II compares the experimental data for log,0 KT with the calculated

logICT's and the corresponding values of a used. The calculated KT corresponds

to the best fit by varying a. The values of K(a) using the averaged a's are also

shown. Figure 3 reports the logj 0KT vs. i/e for the above system. The solid

lines are the calculated values of logjoKT(0.0 4). The fit to the experimental

data is comparable with the one obtainable with the Fuoss-Jagodzinski function

KF I and the parameter a-10.7x10- 8 cm

KPjL eexp(p6)T 1000

_ .• '
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with jO=e 2 /2eakT.

In fact, the average IZj=iogK7(calc)- loglKT(exp) 1=0.14 with

a=-9.6 4 xlOr8 cm, whereas I-Aj=logC'~'- logK7(exp) 1=0.15 with a=10.7x10f8 cm.

The present approach however, does not contain constraints in defining a triple

Ion only when the Ion is win contact" with a dipole. Rather, It defines a triple

for r varying between a and q.

We then wish to compare KT (Eq. XII) with the experimental result for

LIBF4 In DMM at 250 C. Using the value of p=l6xlO-'8 esu cm, obtained In

DME solvent by dielectric relaxation, Table I reports the values of Kr as a

function or the parameter a. The fit with the experimental value KT=828M'

Is obtained for a=8.OxlOf 8 cm. This value Is remarkably close to the one calcul-

able from the axiom a=1.5d=7.7x10-8 cm, d=5.lxlcrgcm being calculable

* from the KA obtained from the conductance data.
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Table I

Calculated KT for LiBF 4 In DME (e= 7.0) and in DMM (e= 2.70) at
T- 298.2K as a function of the separation distance a between Ions and dipoles.

Solvent: DME; q=( ep -/_11.47x10_8cm; IA=15.8x10_ 18esu cm
2ekT

axlOs  b KQ KT KT(exp)
(cm) -- (M - - (M - )  M-1

4 16.455 0.2421 398.5 6.4x10 3  50
5 10.531 0.4728 12.071 195.
5.5 8.704 0.8293 4.115 66.5
5.6 8.395 0.6643 3.465 58.0

- 5.7 8.103 0.7005 2.955 47.7
.8 7.313 0.8170 1.483 31.7
7 5.373 1.2974 0.828 13.4
9 3.250 2.7574 0.3055 4.94

11 2.176 5.0345 0.0532 0.88

Solvent: DMM; q-18.39x10- 'gcm; 4=18x10- ' 8 esu cm

7 13.802 1.2974 86.34 5474. 826
7.99 10.594 1.0294 12.535 834.
8 10.507 1.9368 12.330 821.

10 8.7830 3.7825 1.5071 100.
12 4.0965 0.5382 0.8283 41.8
14 3.4505 10.379 0.3489 23.1
16 2.8418 15.493 0.1722 11.5
18 2.0873 22.080 0.0268 1.78

................................... .. . . .. - . .. ..- S " " - -- -- -- .
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Table II

Experimental values of logoK T and calculated values of iog1 oK(a)* for the sys-
tem isoaxnylammonlum nitrate In H 20-dloxane mixtures at 25°C. The values
of logI 0KT(a) have been approximated to loglOKT(exp) by varying a in steps of
0.1xl0-Scm. The value of loglKT(--) corresponds to the calculated KT for the
averaged a for the system, S==.8 4x10- 8cm

V1!20 e log1 IKT(exp) Iog°K.T(a) axlo logl°KT(a--)
(cm)

0.00 2.38 4.88 4.65 9.6 4.62
1.24 2.58 4.12 4.11 9.9 4.30
2.35 2.90 3.50 3.50 10.1 3.79
4.01 3.48 3.00 2.98 9.9 3.12
6.37 4.42 2.50 2.51 9.4 2.41
9.50 5.84 2.00 2.01 8.9 1.80

• The value P=29x10- 18esu cm, corresponding to d=6.04xl0-Ocm (P=de) has
been used to calculate KT(a). a is the experimental value for the ion-dipole
separation distance. d Is the dipole charge to charge separation distance.

-5



-32-

c) Dielectric and ultrasonic relaxation

Figure 4A reports the real part e of the complex permittivity * = el'"

plotted vs. the frequency f for LIBF 4 0.35M in DMM at 25 0 C. The solid line

Is the fitted function which appears capable to interpret the available data

* . according to a single Debye relaxation process

c'-( 0 - ) 1+J/f + coo (XIII)0 0 +(/fr)2

.6 1 Figure 4B is the Cole-Cole plot of el vs. cl and the semi-circle corresponds to a

singl relaxation process with c' given by the equation above and e"

el+ 
(XlV)

1+(f/fr)2

with parameters co = 2.78, oo = 2.02 and fr = 80 GHz. Notice that Saar et.al.9

reported for the solvent DMM co = 2.78 oo = 2.18 and fr = 75 GHz. Hence,

-' the presence of 0.35M Is only detectable In a shift of the solvent relaxation to

lower frequencies and a change of the relaxation strength (co- coo) which is

apparently due mostly to a change in coo. The latter one is only an extrapolated

parameter because of possible effects op non-Debye nature at f>100 GHz.12

A The rather remarkable findings for the present system is the absence of a

"solute" relaxation around 1-3 GHz which has been the observed behavior for

alkali salts in ethereal solvents studied so far.18'1*2 This apparent Invisibility of

the dipolar pairs LIBF4 ., despite the very large KA found by conductance, can be

* Interpreted In two ways: either the pairs are so heavily solvated that their

diffusional rotational relaxation frequency is below the range accessiblc to our
K microwave measurements, or LIBF4 is heavily dimerized above -- 0.IM to apo-

*lar or antiparallel dimers which are practically invisible by dieletric relaxation.

Consideration of the second hypothesis, namely a sizeable dimerization, is

suggested by the fact that already In DME (c = 7.0) an ultrasonic relaxation

was interpreted as due to dimerization. In DMM solvent (c - 2.7 8 )g simple

V 6.
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electrostatic considerations would suggest the quadrupole or dimer formation

constant to be much larger than In DME.

Figure 5 shows a representative plot of the excess sound absorption per

wavelength /I = aeX plotted vs. f for LIBF4 In DMM at 250C. Although the

"data extends to about 3 decades in frequency, a single Debye process (solid

line) appears adequate to represent the data according to the function

p -" 2max f/fr (XV)

where p = pma, at the relaxation frequency f = fr, 'U = aexcX - (a-Bf2 )u/f,

and a Is the sound attenuation coefficient, X the wavelength X = u/f, p Is the

sound velocity and B = (a/f 2)f>>1  the background (a/f 2 ) ratio for frequencies

f>>fr" Table III reports the relaxation parameters pmax, rr, B and the sound

velocity u for all the solutions and temperatures Investigated.

From Table III it is apparent that, within experimental error, rr is indepen-

dent of concentration at 25C, but that pm Is not linear with concentration.

This last observation negates the interpretation by a scheme A B which

could represent a first order (or pseudo first order) intra-molecular process

(involving the solvent).

Rather, we propose a multistep dimerization process of the type

k, k2
2M 4_- M ... M 4_- M2 (XVI)

k _ - k -2

with M = LIBF 4, the monomer Ion-pair. This scheme leads 4 to two relaxation

times that for k1,k- I>>k2 ,k-_2 read

71=4k,(M) + k-
4(M) wth K1 = (k1 /k_ .) (M . .. M) (XVII)

k 2 + k-_9 4(M) (M) 2

For 4(M) >>K 1
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,If = k_2 + k 2 = k 22 (1+K2 ) , *or

• ,(XVIII)

7' h e kT +S - AH-/RT (1+K2)

with K2 - k 2 /k_. 2 . The above Implies that a plot of ln(rIj 1/T) vs. 1/T will have

a slope' s

dln(r- '/T) AH_ K2  AH2  (XIX)

d(i/T) R 1 +K2 R
" ! AH2/RT eAS/R.

with K2 = e- e

Figure BA shows a plot of ln(rT I/T) vs. 1/T. The solid line was calculated

by linear regression giving r2 - 0.95, Int - 16.01 and Slope = -480 from

which AS_4 - -15.4 cal/K mol and

-488 = -2 A2 (XX)
R 1+12 R

Also, Eq. (XVIII) gives

5.86x1oS = keT eSRT (+<2) ,or
AHII_ (-XXI)

02.12 = e-A_,,R (1+1<2)

-t's-.5--,,

*vy5

*5°5

..;:.

*'555
" 5 , - , -" : - i -, . . " ,",-, :'"' , - , ,i ' , i / ' l
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- Table III
- Ultrasonic parameters Pmo. fr. B and sound velocity u for all the concentra-

tions of LIBF 4 In DMM and temperatures Investigated.

t C PM r, Bx10 '7  ux1O s "

(oC) (M) x1O' (MHz) (cm-'s 2 ) (cms- ')

25 0.35 430 85 48 1.069
25 0.24 450 gDo 42 1.005
25 0.168 390 80 38 1.064
25 0.093 280 80 30 1.063

15 0.25 410 80 40 1.142
5 0.25 470 75 36 1.153

-1 0.25 480 70 38 1.179

-ux10S-1.179- 0.004t, (r2 = 0.9), for LIBF 4 0.25M between 250 C and - 10 C,

reproduces the experimental data with a %error= =u i -- 1
U

. -- u4;

"4"o

U.Q
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For a two-step dimerization process (XVI), the maximum sound absorption per

wavelength pl, for the slow relaxation process, is bound to the concentration of

the various species by the relation 14

7r AVS5 11 1P." -,- -l'=1 (XXII).'.:; ,2.83 RT t

with fis = (pu 2) - the adiabatic compressibility, p the density, AVs11 the isoen-

tropic volume change

SV 1/4(M)
1/4(M) + (M...M) AV'

with AV, and AV2 the isoentropic volume changes associated with the steps of

process (XVI). Also, the function r, 1 Is: 14

2)= 1/4(M) + (M...M) (XXIII)

(the factor 1/2 instead of 1/4 in front of (M) In Eqs. (XXII) and (XXIII)
reported In reference 14 was a misprint). If (M)<(M...M), (M 2 ), as the

dielectric data seem to imply, Eq. (XXIII) can be approximated to

[ + (M .. -M)
N(M2 ) +(M...M) 1K 2

with K2 NO On the other hand, one can write-2 (M ...M)

- -M.,-M) (M...M) + (M) cdimer""(M ..M)=
1+K2 1+K2

and

" "2 c dimer (XXIV)
(1+I2)2

* where cdimer = (M...M) + (M 2 ) (Notice also that AVs11 Is concentration depen-

* dent and that Indeed p is not linear with c).

Introducing XXIV Into XXII

=- (AVs||) 2  % Cd2mer
.2fl RT (1+12)2

- " "'" """"" " " :"-:'- '-"- MP ,' '-a i , a' ,X --K2- -
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I W,,dimerAVx,
ln~,,/u2 =in Woeev 2R + InK;- 2n(I +K 2 )

By neglecting the temperature dependence or the quantity pc dimeras,. the

above Implies that

dln(p1 1 T/u2) AI2  2K2  A- 2 _A- 2 K2- X- ff + --- = .-- (XXVI)
d(l/T) R I+K2  R R 1(2+1

namely, the slope or a plot of ln(p1 1T/u2 ) vs. 1/T should be expressed by Eq.

(XXVI). Figure OB shows this plot. Linear regression gives Intercept -

-21.05, Slope = -520.9. Therefore,

-520.9 = AH2 K2- (XXVII)
R .(2+1

Eqs. (XX), (XXI) and (XXVII) can now be correlated. Trial and error choice1 s

of 1<2 leads to compatibility for K2 = 7.8 which leads to Ali, = -1.45K cal/mol

AH 9 = 2.2K cal/mol.

Table IV reports the above and the derived thermodynamic and kinetic

parameters using the relations AG2 -RT In -1.22K cal at T -

298.2K, AS2 = (1/T)(AH2 - &G2 ) = AS14-AS-2 and A4H 2 - 4t-I& 91_.

It would appear desirable to evaluate K., the overall quadrupole or dimer

formation constant. From scheme (XVI) and the definitions

K, M K2 (M2 ) and

(M) 2

K = (M... M)+ NO it results that

(M) 2

K = K(l+I(2) (XXVIII)

and we have obtained I2 = 7.8. K, could be evaluated In principle from the

Maaser-BJerrum 2 theoretical expression

KqBj = KoqbqQq (XXlX)

with

4rLa3  p a
* 3000 q akT
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=.I7-j+ (b- (1.5)n) , (XX)

for odd n's.

For c = 2.70 and by retaining p = 1OxlO-1 8 esu cm, we have calculated Q

extending n to n = 17. The calculation of KqBj is shown on Table V. Unfor-

tunately, KqB appears to be too sensitive to the choice.

Table IV
Thermodynamic and kinetic parameters for the slow relaxation dimerization
process for LIBF4 in DMM

K2  7.8
&G2  -1.22 K cal/mol
A-2 -1.45 K cal/mol
A S. -0.8 cal/ K, mol
AlH 2 2.2 K cal/mol
'al -15.4 cal/K, mol
A]-I 0.70 K cal/K mol
AS -18.2 cal/K, mol

: . .k2 5xl0Ss - 1

or the parameter a., the minimum dipole-dipole separation, distance to make an

assignment of KqBj -. K, short of being an arbitrary assumption.

Table V
Calculated values of K~j according to the expression KJ ff KoqbQq as a
function of aq the dipole-dipole minimum separation distance for
P = 10x10 1 cm esu the dipole moment of the pairs, T = 298.2, e 2 2.78 and
bq =p'/.aikT. Iqb = 0 for a separation distance q 2 2 )

~3 ckT.
11.46x10-cm, for the above parameters.

bq. Kq Qq KIC!

5 18.035 0.3152 5507 3.1xl0 4

8' e 10.437 0.5447 23.34 132.7
ft 7 6.572 0.8649 2.913 16.57

8 4.403 1.291 1.231 7.00
9 3.092 1.839 0.0935 3.94

10 2.254 2.522 0.3734 2.12
11 1.094 3.356 0.1129 0.642
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Conclusion

The Fuoss-Kraus triple Ion conductance theory allows for the determina-

tion of KA = 8x1016M- 1 and KT = 828M- 1 pending the validity of the Walden

rule and the assumption AI r = ---A. The Fuoss-Jagodzinski association rela-
3

tion for KA gives d = 5.1xl0- 8 cm for the charge separation of the Ion-pair.

The theoretical expression XII derived above for KT gives a = 8.0xl0-scm for

the minimum separation Ion distance between the ion and the dipole, close to

the axiom a = 1.5d = 7.7xl0-cm. The dielectric data shows absence of a

dielectric relaxation for the solute in all the frequencyranges Investigated. This

could be rationalized by either the dipole pairs relaxing below 1 GHz, or, more

likely, by the electrolyte being dimerized to apolar dimers.

An ultrasonic relaxation of Debye type is Interpreted as due to the second

step of a coupled two-step dimcrlzatlon process. Kinetic and thermodynamic

parameters have been extracted from the data. In particular, the formation

constant for the second ste-p of dimerization K2 - 7.8. The co nstant, for the

first step K, cannot be determined without a reliable knowledge of a the pair

to pair minimum separation distance.
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ADDENDUM

After the completion of the present work we have performed static permit-

tivity measurements at f = 3.5 MHz with a Bontoon resonator and a cell of

" capacity CO = 5.07± 0.07 p Farad of a solution 0.0 3M LIBF 4 in DMM at 250 C.

The average of two experiments gave Co -2.82± 0.01, a value close to the

figure extrapolated from the microwave range co f 2.78 as reporte'd above.

This confirms the hypothesis advanced above that the electrolyte Is heavily

associated to apolar dimers.

1 "



V -41-

References

1. M. Delsignore, H. Maaser and S. Petrucci, J Phys. Chem., 8. 2405

(1Q84).

2. H. Mawser, M. Delsignore, M. Newstein and S. Petrucci, J Phys. Chem.,

1& 5100 (1984).

3. S. Petrucci, P. Hemmes, and M. Battistini, J Am. Chem. Soc., Lo, 5552

(1907).

4. H. Farber, and S. Petrucci, J Phys. Chem., 85L 1300 (1981) and previous

literature quoted therein.

5. R.M. Fuoss, and C.A. Kraus, . Am. Chem. Soc., §. 470 (1933); R.M.
Fuoss and F. Accascina, Electrolyte Conductance Interscl., NY 1950.

8. D.J. Metz and A. Glines, J Phys. Chem., . 1158 (1067).

7. D.N. Blhattacharyya, C.L. Lee, J. Smid and M. Szwarc, J Phys. Chem., A2.L

808 (1Q85).-

8. A.L. Powell and A.E. Martell, J. Am. Chem. Soc., 7.2118 (1957).

8a C.R. Witschonke and C.A. Kraus, J Am. Chem. Soc., =L 2472 (1947).

9. D. Saar, J. Brauner, H. Farber and S. Petrucci, Adv. Mol. Relax. Proc., Il.

263 (1Q80). -

10. R.M. Fuoss, J Am. Chem. Soc., 80. 5069 (1Q58); P. Jagodzinski and S.

Petrucci, J Phys. Chem., Z& 917 (1974).

11. R.M. Fuoss and C.A. Kraus, J Am. Chem. Soc., §,. 2387 (1933) and pre-

vious literature quoted therein.

12. J. Goulon, J.L. Rivall, J. Fleming, J. Chamberlain and P. Chantry, Compt.

Rend. Acad. Sel. (Paris) 270C. 907 (1973).



- 42 -

13. S. Onishi, H. Farber and S. Petrucci, 1. Phys. Chem., &J. 7922 (1080); H.

Farber and S. Petrucci, J. Phys. Chem., 7. 1221 (1075).

14. C.C. Chen, W. Wallace. E.E. Eyring and S. Petrucci, J. Phlys. Chem., 88

5445 (1084).

15. C.C. Chen and S. Petrucci, J. Phys. Chem., 8L 2001 (1982).

-S

-V



2-43-

List of Figures

Fig. 1A logoA vs. logloc for LIBF 4 in DMM at 250 C.

Fig. 1B Ag(c)%fc vs. (1- A-)c for LIBF4 in DMM at 250 C according to
AO

the Fuoss-Kraus theory.

Fig. 2A Ion-dipole Interaction. The ion is at distance r from the center of

the dipole. The segment r makes an angle 9 with the axis of the

dipole.

Fig. 2B Polar coordinate representation of the dipole it (taken as the ori-

gin of the Carthesian coordinate) and of an ion of charge e.

Fig. 3 logK T vs. 1/e for isoamylammonlum nitrate In H 2 0-dioxane at

250C. The solid line corresponds to Eq. XII with a=Q.64x1O-$cm.

The dashed line corresponds to the Fuoss-Jagodzinski theory with

a--lO.7x10-8 cm.

Fig. 4A Real part of the complex permittivity Jt'-Je" vs. frequency f

for LiBF4 0.35M In DMM at 250 C.

Fig. 4B Cole-Cole plot for LIBF 4 0.35M in DMM, t--25 0C.

Fig. 5 Ultrasonic spectrum of =cexcX vs. frequency f for LIBF4 in

DMM .t--250C.

Fig. 6A Eyring plot for LIBF 4 0.25M in DMM.

Fig. OB Lamb plot for LIBF4 0.25M in DMM.

rig

4k,

4A. ...



-2,

44. 1oO 1 0 A yjIlog 0 C bor

LiBF4 In Dknolhoxymethane

I- 25.00°C

Gist Run. 13J2nd Run, 63rd Run

-3-

F'4 -

23 -5
/4: 00

-4 -3 -2 -0 0

log 0C-

Fuoss-Kraus triple Ion theory
Afor LIBF4 In 0MM at t -25.000 C

and for concentrations C <10-1M

0*50-
W.
x

~40-

200 1000

CCI-AIAO 0)xl O

, fs - *-

': ' . . '



45.

9~.

e

/ B

S

- - -. - - i 4~S~M~ t~ ~ttt~.~b&flZ.tW



46.-

s4',

u~I-

Cl);

0 C WO

c *Y ca-. 0

cr0 c>- ixICI
00

i5 C, zi -0~



47.

Real part of the complex0
4.0- permittivity CM *aC-J C*

Vs. frequency I. for LiBF4
0.35M in DMM. t=25-C

-r -Single Debye with Co- 2.78. Cod= 2.02. fr -60GHz

3.0-

2.0-

0.5 .0 205.0 10 2 0 100

f(GHZ)

Cole-Cole plot for LIBF4  ('
0.35M in DMM. t-250C

0.6 - -Single Debye process with
to- 2.78. Co 2.02. fr. 60GHz

10.4-8. 4.Gz

*1 - *

0.2-/

182.0 Cgo 2.2 2.4 2.6 62.8



48.o

CY

-0

-0

IL)

1 E0E

o o to
- 0 t

0N 1 V-t

.4t xo 0L~~c
0 o cy R

SO 1 0

~9 Ol x 71



*19.

14.7

*a Eyrlng plot for LiBF4 A

14.6-0

114.5-
s- 14.4-

14.3-

14.2-

.3 3. 3.5 3.6 3.7

C10 IT)-.

Lamb plot f or LIBF4
0.25M in DMM

-22-

C

-23-

3.3 3.4 3.5 3.6 3.7

-4pyi) -.



FILMED

9-85

FTI
4SaxP0


